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Effects of chemical substitution of the divalent transition
metals has been systematically investigated in Mg1−xMxB2
(x = 0.03; M = Mn, Fe, Co, Ni and Zn). Substitution of
magnetic ions, i.e., Mn2+, Fe2+, Co2+ and Ni2+, for the Mg2+
ion suppresses Tc: dTc/dx is the largest (= - 159 K) in the
Mn-doped sample. We have found Zn-substitution increases
Tc (∆Tc ≈ 0.2 K at x = 0.03), perhaps due to the enhanced
density of state near the Fermi level.
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The recent discovery of the superconductivity in MgB2
at Tc = 39 K [1] has stimulated world wide excitement.
This is not only due to the simplicity in the chemical com-
position, the crystal structure and electronic structure,
but also due to its potentiality for application. Many
researches are accumulating detailed information on the
physical properties of the parent MgB2. On the other
hand, the chemical substitution is one of the powerful
approach not only to reveal the nature of the parent
material, but also to enhance the material potentiality
by elevating the transition temperature Tc. The parent
MgB2 has a hexagonal structure (AlB2-type; space group
P6/mmm) [2] with alternating B- and Mg-sheets. The
hexagonal network of the two-dimensional boron sheet
governs the electronic structure near the Fermi level,
[3–5] and hence is believed to be responsible for the super-
conductivity. Band structural calculations showed that
the electronic structure is rather three-dimensional, mak-
ing a sharp contrast with the two-dimensional electronic
structure of the graphite intercalation compounds. An-
other structural feature of MgB2 is that a large num-
ber of isostructural compounds, such as, AlB2, CrB2 and
MnB2, exist. These structural features have motivated
attempts to substitute Mg with Li [6], Al [7], Zn [8], and
Mn [9] and B with C. [10,11]
In this Communication, we report substitution effects
of the divalent transition metal (M =Mn, Fe, Co, Ni and
Zn) for the Mg2+ ions on the superconductivity of MgB2.
We have found substitution of the magnetic ions, i.e.,
Mn2+, Fe2+, Co2+ and Ni2+, for the Mg2+ ion suppresses
Tc, due to the interaction between the local spin ~S and
the constituent electron ~s in the Cooper pair. We have
found the Zn-substitution increases Tc (∆Tc ≈ 0.2 K at
x = 0.03), perhaps due to the enhanced density of state
near the Fermi level.
The Mg1−xMxB2 (x = 0.03; M = Mn, Fe, Co, Ni and
Zn) samples were synthesized by heating a stoichometric
mixture of amorphous boron (98 %), magnesium pow-
der (99.9 %), Mn powder (99.9 %), Fe powder (99.9 %),
Co powder (99 %), Ni powder (99.9 %), and Zn powder
(99.9 %) at 900 ◦C for 2 hour. The powders are place
in a Ta foil and heated in a flow of Ar/H25% gas. The
room temperature x-ray powder patterns are obtained in
the 2 θ range of 10 - 100 degree with use of the Rigaku
RINT2000/PC diffractometer. The temperature depen-
dence of magnetization M was measured in a Quantum
Design PPMS magnetometer under an applied field of 10
Oe. The data were taken on heating after cooling down
to the lowest temperature in zero field (ZFC).
First of all, let us show in Fig.1 the x-ray powder pat-
terns of Mg0.97M0.03B2 (M = Mn, Fe, Co, Ni and Zn) at
300 K in the 2 θ range of 20 - 60 degree. In all the com-
pounds, sharp reflections from the AlB2 structure are
observed. Small reflections indicated by open triangles
(closed triangles) are due to MgB4 (MgO) impurities. In
the case of the Ni-substituted sample, the powder pat-
terns contain recognizable impurity peaks. These peaks
can be assigned to Ni-related impurities, such as, Ni4B3,
MgNi2 and so on, indicating that some part of the Ni
atoms is wasted. This situation is apparently similar to
the case of Cu- and Ca-substitutions. We tried to sub-
stitute Cu (Ca) for Mg, but the powder pattern contains
considerable MgCu2 (CaB6) impurity peaks and Tc does
not shift, indicating that non of the elements are sub-
stituted for Mg (not shown). Nevertheless, not only the
lattice constants but Tc shift in the Ni-doped sample,
suggesting that a portion of the Ni atoms is substituted
(vide infra).
The upper panels of Fig.2 show the magnified x-ray
powder patterns around (a) (110) and (b) (002) reflec-
tions, whose peak positions reflect the in-plane and out-
of-plane B-B lengths, respectively. The lowest curve is
the pattern for the non-doped MgB2. The (011) reflec-
tion shifts toward the low-angle side in the Co-, Ni- and
Zn-substituted samples (see open triangles in Fig.2(a)).
This indicates increase of the inter-plane B-B distance
with chemical substitution. Similarly, the (002) reflec-
tion shifts toward the low-angle side in the Fe-, Ni- and
Zn-substituted samples (Fig.2(b)), indicating increase of
the inter-B-sheet distance. In the Mn-substituted sam-
1
ple, the inter-B-sheet distance, rather, decreases. To ac-
curately determine the lattice constants, i.e., a and c,
we have analyzed the powder pattern with the RIETAN-
2000 program [12] with AlB2 structure (P6/mmm, No
191). The impurity peaks were removed in the Rietveld
refinement procedure. The determined lattice constants,
a and c, are listed in Table I. We plotted in the bottom
panel (Fig.2(c)) variation of the lattice constants, i.e., a
and c (see also Table I). The Mn-doping effect on the
lattice structure, that is decrease of c and nearly con-
stant a, is analogous to Mg1−xAlxB2, [7] while the Co-
doping effect, that is, increase of c and nearly constant
c, is similar to the Li-doped [6] and C-doped MgB2. [10]
The Zn-doping effects on the lattice structure, i.e., elon-
gation of both the lattice constant, is consistent with the
work done by Kazakov et al.. [8]
Figure 3 shows the temperature dependence of suscep-
tibility χ for Mg1−xMxB2 (x = 0.03; M = Mn, Fe, Co,
Ni and Zn) together with the χ− T curve for the parent
MgB2. The data were taken under applied filed of 10
Oe on heating after cooling in zero field (ZFC). All the
samples show well-defined one-step transitions as well as
large shielding fraction before correction of demagneti-
zation, indicating that the superconductivity is of bulk
nature. The transition temperature Tc, defined by the in-
tersection of the extrapolated lines below and above the
transition, was listed in Table I. In Fig.4 are plotted the
relative change of Tc due to the 3 % doping of the diva-
lent transition metals. Here, note that the actual doping
level of the Ni-substituted sample is less than 3 %, since
the Ni-related impurities are observed in the x-ray pow-
der pattern (see Fig.1). Inset shows a detailed doping
dependence of Tc for Mg1−xMnxB2 (cited from Ref. [9]).
Tc decreases linearly with Mn concentration x at a rate
of dTc/dx = - 159 K. If we assume a similar linear rela-
tion between Tc and x, dTc/dx becomes - 83 K for the
Co-substitution and - 13 K for the Fe-substitution.
The absolute magnitude of dTc/dx of the Mn- and
Co-doped samples are much larger as compared with
the substitution of non-magnetic elements, such as Zn2+
(present work) and Al3+. [7] Therefore, we ascribed the
suppression of Tc to the interaction between the local spin
~S and the constituent electron ~s of the Cooper pair (∼ - 2
J ~S ·~s), not to the structural effect nor the electron doping
effect. Because the local spin - electron interaction tends
to break the Cooper pairs, and to lower Tc. Within this
scenario, it is reasonable that the Mn2+ ion, which has
the largest local spin S (= 5/2), shows the largest dTc/dx
(= - 169 K; see also Fig.4). Strangely enough, absolute
magnitude of dTc/dx (= - 13 K) for the Fe
2+ ion (d6; S
= 2) is much smaller than the case of Mn2+ ion (d5; S
= 5/2) and Co2+ ion (d7; S = 3/2). We think degree
of the mixing between the M3d level and the B2p band
is the key to solve this unexpected behavior, and hence
elaborated band calculations are indispensable.
Finally, let us discuss on the Zn-substitution effect on
Tc. Looking at Fig.3, one may notice that Tc increases by
≈ 0.2 K by substitution of 3 % Zn for the Mg. Kazakov
et al.. [8] reported that Tc rather decreases by ≈ 0.5 K
at x =0.05 and by ≈ 0.2 K at 0.10. These experimen-
tal observations suggest that there exists some optimal
Zn concentration (∼ 4 %), beyond which Tc rather de-
creases. Here, recall that the characteristic Zn-doping
effect on the lattice structure is elongation of both the
lattice constants (see Fig.2). The resultant increase of
the in-plane and out-of-plane B-B distances reduces the
one-electron bandwidth, and hence enhances the density
of state (DOS) near the Fermi level EF. This structural
effect well explains increase of Tc in the Zn-doped sample.
In summary, chemical substitution effects on the su-
perconductivity has been investigated in Mg1−xMxB2 (x
= 0.03; M = Mn, Fe, Co, Ni and Zn). We have found
suppression of Tc with substitution of magnetic ions, i.e.,
Mn2+, Fe2+, Co2+ and Ni2+, for the Mg2+ ion, even
though these magnetic impurities occupy the Mg sites
outside of the boron sheets. This observation perhaps
reflects three-dimensional electronic band structure of
MgB2. A more elaborated and systematic investigation
on the chemical substitution effects on Tc is necessary to
reveal the nature of the MgB2 superconductor.
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TABLE I. Lattice constants of Mg1−xMxB2 (x = 0.03; M
= Mn, Fe, Co, Ni and Zn) at 300 K. The transition tem-
peratures Tc for the superconductivity were defined by the
intersection of the extrapolated lines below and above the
transition. Note that the doping-level is less than 3 % in the
Ni-doped sample (see text).
M a (A˚) c (A˚) Tc
Non-dope 3.08200(9) 3.52166(9) 38.2(1)
Mn 3.0827(4) 3.5188(3) 33.1(3)
Fe 3.0839(5) 3.5229(3) 37.8(1)
Co 3.0839(6) 3.5219(4) 35.7(2)
Ni 3.0841(8) 3.5243(5) 37.8(1)
Zn 3.0870(4) 3.5241(3) 38.4(1)
FIG. 1. The x-ray powder pattern at 300 K for
Mg0.97M0.03B2 (M = Mn, Fe, Co, Ni and Zn). Small reflec-
tions indicated by open triangles (closed triangles) are due to
MgB4 (MgO) impurities.
FIG. 2. (a) Magnified powder patterns around (110) re-
flection for Mg0.97M0.03B2 (M = Mn, Fe, Co, Ni and Zn).
The lowest curve is the pattern for the non-doped MgB2.
(b) Magnified powder patterns around (002) reflection for
Mg0.97M0.03B2. The lowest curve is the pattern for the
non-doped MgB2. (c) Variation of the lattice constants, i.e.,
a and c, for Mg0.97M0.03B2.
FIG. 3. Temperature dependence of susceptibility χ for
Mg0.97M0.03B2 (M = Mn, Fe, Co, Ni and Zn). The thick
curve represent the χ − T curve for the non-doped MgB2.
The data were taken under applied filed of 10 Oe on heating
after cooling in zero field (ZFC). Downward arrows indicate
the transition temperatures Tc. Note that the doping-level is
less than 3 % in the Ni-doped sample (see text).
FIG. 4. Variation of Tc for Mg0.97M0.03B2 (M = Mn, Fe,
Co, Ni and Zn). Inset shows doping dependence of Tc for
Mg1−xMnxB2 (cited from Ref.9).
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